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ABSTRACT
The potential of tropical Africanized honey bees to 
survive through winter was investigated to predict their 
possible geographical range and density in the United 
States. Experiments were conducted in cold rooms, at high 
elevations in tropical mountains, and during a winter season 
in Germany. The performance and survival of isolated groups 
of workers and of intact Africanized colonies were compared 
with those of European origin, and in some experiments, with 
those of hybrid crosses.
In cold rooms, groups of 40 g of Africanized workers 
exposed to air currents at 15°C aggregated in different 
positions and in tighter conformations than European 
workers, but these differences were not observed in larger 
groups (1.0 kg) or in colonies exposed to temperatures 
between 0 and 20°c. Rates of sucrose syrup removal from 
feeders by both the small and large groups of Africanized 
workers were significantly lower than for European groups of 
the same biomass.
viii
In cold room and field experiments with different 
treatments of initial worker and brood population, the rate 
of colony weight loss relative to average population did not 
consistently differ between Africanized, European, and 
hybrid colonies. Therefore, overwintering Africanized 
colonies may not exhaust their honey stores earlier than 
would European colonies.
The clearest difference between Africanized and 
European field colonies in these studies was the earlier 
mortality of workers and colonies, despite the presence of 
honey stores. Africanized colonies did not show evidence of 
the increased worker longevity found in overwintering 
European colonies. However, Africanized colonies had a 
decrease in brood production similar to that found in 
European colonies. Most Africanized colony deaths resulted 
from attrition of their worker population. Colony mortality 
was especially high in Africanized colonies when flight was 
restricted. The increased length of flightless periods 
associated with increasing latitude, will decrease the 
density of Africanized bees. Hybrids between Africanized 
and European bees had intermediate values for most 
parameters, suggesting that overwintering factors will favor 
a highly African region in the south of the United States, a 
transition zone containing hybrid bees further north, and 
highly European regions beyond this transition zone.
Chapter 1.
Introduction and Literature Review
1
2
The recent arrival of the first Africanized honey-bee 
swarms to the United States (October 1990) has produced a 
shift in the agricultural and scientific communities' 
perspective on this insect. Africanized bees are no longer 
a mysterious exotic pest: their presence on U.S. soil poses 
an as yet unquantified challenge to future agricultural 
production and a threat to public health smaller than 
publicized by the media. The biological mechanisms allowing 
Africanized bees to colonize most of Latin America will 
become secondary considerations; assessing the current 
managed and feral European honey-bee populations in the U.S. 
and their potential genetic resistance to African 
introgression will be of primary concern. An evaluation of 
the overwintering potential of Africanized honey bees is 
pivotal to an understanding of the future situation in the 
U.S., and is a likely focus of attention by academia, 
industry and the media.
Economic considerations 
The U.S. beekeeping industry is one of the largest in 
the world, currently in third place after the Soviet 
Republics (formerly the USSR) and China in estimated honey 
production (Bee World 1987). As is the case in all 
countries, the monetary value of products directly resulting 
from beekeeping is minute compared to other agricultural 
enterprises. For example, in 1987, the value of honey
3
produced in the U.S. was only 1.6% of the value of cotton 
production (72 million dollars vs. 4.5 billion dollars (USDA
1988)).
However, the indirect benefits of beekeeping activities 
are much greater than the actual value of bee products. The 
total yearly value of U.S. agricultural production requiring 
or benefitting from honey-bee pollination has been estimated 
at 2 0 billion dollars (Levin 1984). As honey bees are not 
the sole pollinators of these crops, Robinson et al. (1989) 
have calculated that their relative contribution to total 
fruit set, is worth 9 billion dollars. Almond production in 
California, which is entirely dependent on honey-bee 
pollination, uses between 650,000 and 800,000 colonies at 
rental fees ranging from 15 to 35 dollars per hive and 
produces an almond crop worth close to half a billion 
dollars (Robinson et al. 1989).
Both beekeeping production and the pollination of 
agricultural crops may be affected by the arrival of 
Africanized bees in the U.S. Aside from a listing of 
possible effects, the intensity of negative consequences is 
difficult to quantify. McDowell (1984) modelled the 
economic impact upon beekeeping in the southern tier of 
states and calculated that the value of honey, queen and 
package production could decrease by as much as 58 million a 
year. Taylor (1985) listed a series of biological, 
ecological and regulatory conditions that would lead to a
4
low impact and a high impact scenario. All these 
predictions are initial approximations of possible outcomes. 
Rinderer (1987) has pointed out the uncertainties inherent 
in modelling a future pest situation which is based upon 
hybridization with a 'beneficial' insect, and for which 
fitness parameters in temperate regions are not well 
understood.
Given the potential inaccuracy of these predictions, an 
experimental evaluation of the overwintering ability of 
Africanized bees will contribute to a better understanding 
of their impact in the U.S. Experimental procedures can 
test and refine models such as those of Taylor (1977) and 
Taylor & Spivak (1984) which are based upon extrapolation 
from ranges in other continents.
Overwintering experiments can elucidate the potential 
natural ranges of Africanized bees based upon biological and 
ecological parameters. However, an accurate model of the 
bees' density and impact following their arrival in the U.S. 
will necessarily depend on a number of other parameters, as 
well. These include novel human attitudes towards insects, 
more intense government regulation of the human movement of 
bees, a precarious economic situation in beekeeping, and the 
presence of an unquantified density of feral and managed 
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Fig. l.l - Graphic model illustrating potential interactions of factors influencing 
Africanized bee density in the United States. Black arrows indicate negative 
influence of one factor upon another; clear arrows indicate a positive influence.
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Ecology of Africanized Bees in the Tropics 
European honey bees were introduced into Latin America 
on numerous occasions in the past three centuries, but 
naturalized feral colonies resulting from these 
introductions occurred in relatively low densities. By 
contrast, Africanized honey bees have colonized close to 15 
million sg km of the same land (21 times the area of Texas) 
in the last 3 decades. The higher fitness of Africanized 
bees in the tropics can be ascribed to a long list of 
parameters: shorter development time of workers and queens 
(Kerr et al. 1972), foraging of workers at an earlier age 
(Winston & Katz 1981), higher allocation of foragers to 
pollen collection (Danka et al. 1987), efficient nectar 
collection by foragers for scattered low reward resources 
(Rinderer et al. 1984), frequent colony reproduction (Otis 
1980), seasonal absconding during unfavorable resource 
conditions (Winston et al. 1979), higher allocation of 
collected resources to brood production (Pesante 1985), and 
production of greater number of drones earlier in the season 
(Rinderer et al. 1987). The relative contribution of each 
of these factors to the transformation of the honey-bee 
population by African-like bees has not been established. 
Recent discoveries of African-like mitochondrial DNA 
restriction patterns in 59 out of 61 feral colonies from 
Brazil to Mexico (Hall & Muralidharan 1989, Smith et al.
1989) point to the preponderance of African maternal lines
in tropical America. A recent latitudinal survey in 
Argentina has indicated that the preponderance of 
Africanized morphological, isozymic, and mitochondrial types 
grade into more European-like types further south (Sheppard 
et al. 1991).
Overwintering by European Honey Bees 
The survival of European honey-bee colonies through 
winter periods depends on a close integration of behavior 
and physiology. The maintenance of colony thermal 
homeostasis combines individual behavior with colonial 
behavior to ensure adequate thermogenesis and efficient heat 
conservation. Colony growth patterns as well as changes in 
worker longevity and physiological state have a close 
correspondence with predictable seasonal patterns. 
Temperature Regulation
Individual workers are capable of actively maintaining 
thoracic temperatures different from ambient, within the 
ranges normally encountered by foragers (Esch 1960, Heinrich 
1979) . Metabolic heat is generated either in flight or at 
rest by contraction of thoracic muscles, with metabolic 
expenditure closely related to the frequency of action 
potentials (Esch 1960, Bastian & Esch 1970). Elimination of 
excess heat is possible by proventicular regurgitation and 
exposure of droplets for evaporative cooling (Heinrich
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1980a, 1980b), allowing foragers to fly at temperatures up 
to 40°C (Cooper et al. 1985).
Colonial mechanisms for heat conservation and loss are 
superimposed upon individual behavior. Short bursts of 
thermogenesis by individual workers (Esch I960, Roth 1965) 
together with aggregation allow increasingly higher core 
temperatures with increases in group size even in 
unnaturally small groups (Free & Spencer-Booth 1958, Woyke & 
Jasinski 1982). Groups of natural sizes maintain core 
temperatures between 20 and 30°C in broodless colonies, but 
increase it to 35°C when brood is being produced (Gates 
1914, Hess 1926, Owens 1971). Temperatures are generally 
lower away from this central core and tend to be highly 
variable at the mantle, ranging from 9 to 4 0°C (Hess 192 6, 
Lensky 1964). During periods of low ambient temperature, 
the mantle consists of a group of workers closely packed 
together and acting as an insulating shell; isotherms at the 
mantle are in close proximity while those at the core are 
broadly separated (Owens 1971). During periods of high 
environmental temperature, increasingly higher numbers of 
foragers collect water for evaporative cooling, which is 
performed not only by extruding droplets from the mouthparts 




Maintenance of body temperature above ambient entails 
an energetic cost for individuals and colonies which can be 
measured as metabolic rates. Metabolic rate measurements of 
isolated bees and of groups of workers vary tremendously 
(see Tables 1.1, 1.2, 1.3 and 1.4; see Appendix A for an 
explanation of how these values were obtained from the 
literature). Some of this variation is probably due to the 
use of different measurement techniques, by different 
investigators, over a period of close to a century. Another 
source of variation is surely biological in origin since 
measurements were taken on bees of different ages, at 
different times of day, in different seasons of the year, 
and under different conditions of confinement or 
restriction, all of which have been shown to influence 
metabolic rates. Probably the greatest source of variation 
in these measurements arises from the 'aerobic scope' of 
honey bees, that is, the difference between 'resting' and 
'active' metabolic rates. The influence of behavior upon 
the 'setting' of metabolic rates cautions against reliance 
on measurements for which techniques, biological states and 
the conditions regulating behavior have not been 
standardized.
An examination of the available information, based 
largely upon European bees, elucidates some general trends 
(Tables 1.1, 1.2, 1.3 and 1.4). Given the variation
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Table 1.1. Metabolic rates (ml O- /g hr) of immature 
honey bees at different stages of development.
RATE DAYS DEVELOPMENT STAGE AUTHOR
2.4 3 worker larvae Allen (1959b)
2.0 3 drone larvae
0.7 6 worker larvae
0.7 6 drone larvae
2.9 2 worker larvae Mellampy & 
Willis0.3 7 worker larvae
0.4 - prepupae (European) (1939)
1.0 pupae (European)
0.4 - prepupae (African) Hepburn et al.
0.7 • pupae (African) (1979)
0.3-
0.8
prepupae and pupae Kronenberg & 
Heller (1982)
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Table 1.2. Metabolic rates (ml 02 /g hr) of isolated 
adult workers of different ages, at different levels of 
activity, times of day and temperatures.
RATE DAYS ACTIVITY TIME TEMP 
( °C)
AUTHOR
2 0-2 restrained day 17-22 Allen
11 4-10 workers day 17-22 (1959a)
12 14-20 inside copper day 17-22
16 14-30 vials day 17-22
0.2 — resting worker day 18 Kosmin et
314 — flying workers day 18 al. (1932)
2 — in calorimeter night 20 Roth
3 — in calorimeter night 30 (1965)
5 — in calorimeter night 35
30 — in calorimeter day 20
17 - in calorimeter day 30
7 — in calorimeter day 35
1 forager respirometer night 15 Heussner &
2 forager respirometer night 25 Stussi
4 forager respirometer night 35 (1964)
42 forager respirometer day 15
28 forager respirometer day 25
6 forager respirometer day 35
5 forager respirometer - -
70 — preflight warmup — — Bastian &
70 tethered flight — — Esch (1970)
31-84 - tethered flight - - Sotavalta (1954)
3 — resting workers — 22 Jongbloed &
134 — tethered flight — 22 Wiersma (1934)
14 - flying worker - - Beenakkers (1969)
70 — resting worker — 10 Olaerts (1956)
4 — resting worker - 35
73 — worker in flight — —
69-103 - workers free flight 20 Heinrich (1980b)
69-100 - workers free flight 42
Table 1.3. Metabolic rates (ml 02 /g hr) of small 
artificially-formed groups of honey bees, in different 






15 7 in respirometer fall 10 Verma &
35 7 in respirometer fall 20 Edwards
150 7 in respirometer fall 30 (1971)
35 7 in respirometer winter 10
50 7 in respirometer winter 20
75 7 in respirometer winter 30
0.24 10 caged workers — 10 Woodworth
0.31 10 caged workers - 20 (1936)
0.81 10 caged workers — 30
38-48 10 in respirometer summer 10 Cahill &
20-22 10 in respirometer summer 20 Lustick
10-20 10 in respirometer summer 30 (1976)
21 200- in respirometer summer 10 Parhon
17 300 in respirometer summer 20 (1909)
11 (20- in respirometer summer 32
5 30g) in respirometer fall 10
24 in respirometer fall 20
16 in respirometer fall 32
2 50- caged workers — 20 Simpson
4 100 with — 25 (1961)
4 sugar syrup “ 35
9.0 200 caged workers — 10 Free &
6.7 200 with - 20 Spencer-Booth
2.5 200 sugar syrup — 35 (1958)
3.3 100 measured to — 35
3.2 50 calculate - 35
4.0 10 metabolism — 35
8.5 1,500 workers from night 10 Kronenberg &
4.3 to colonies night 20 Heller
4.3 2,500 on young brood night 30 (1982)
12.8 •i ii day 10
11.1 i t ii day 20
6.0 i i ii day 30
8.64 301 Africanized dark 2 Southwick
5.90 232 European dark 2 et al. (1990)
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Table 1.4. Metabolic rates (ml O, /g hr) of naturally 
occurring groups of honey bees at different temperatures.




captured swarms with 





0.3-0.7 overwintering colony - Gates (1914)




























6.47 colony with 7020 workers1 -15 Southwick 
et al. (1990)
1- Only Africanized colony in table
14
explained above there are exceptions to every generalization 
in any one of the categories.
The respiratory rates of isolated bees and of small 
groups of workers tend to be within the same order of 
magnitude (10-100 ml 02 /g hr) , while larger swarms and 
overwintering colonies usually have lower rates ( < 10 ml Oz 
/g hr). There is a clear circadian rhythm of activity, with 
metabolic rates decreasing at night both in isolation and in 
groups (Roth 1965, Heussner & Stussi 1964, Kronenberg & 
Heller 1982). Resting metabolic rates seem to be much lower 
in brood than in adults (Allen 1959b, Mellampy & Willis 
1939, Hepburn et al. 1979, Kronenberg & Heller 1982), and 
they seem to increase with the age of adults (Allen 1959a). 
Isolated individuals exhibit a typical homeothermic inverse 
relationship between metabolic rates and external 
temperatures during the day and a more relaxed 
poikilothermic response at night (Roth 1965, Heussner & 
Stussi 1964). However, as group size increases responses 
are not as clear (compare Verma & Edwards 1971 with Cahill & 
Lustick 1976), although Southwick et al. (1990) report 
strong relationships between biomass and decreased metabolic 
rates. All of these differences are relatively small 
compared to the differences between metabolic rates at rest 




The amount of brood produced by honey bee colonies in 
temperate and tropical regions varies seasonally in adaptive 
patterns closely matching environmental conditions and 
resource availability (Nolan 1925, Pesante 1985). Temperate 
regions typically have a burst of brood production in the 
spring, with increased probability of colonies swarming 
during that period. This spring maximum is usually followed 
by lower rates of brood production in the summer and fall. 
Depending on latitude, brood production either decreases to 
a very low value or actually stops during the winter 
(Avitabile 1978). Generally, patterns of brood production 
are not as peaked in tropical areas, where brood production 
is continuous and directly influenced by floral resources.
The proximate factors that regulate brood production in 
tropical and temperate environments appear to be different. 
In the tropics, where photoperiods are not highly variable, 
flowering phenologies are more dependent on rainfall 
patterns. Colony growth patterns are dependent on 
nutritional potential dictated by these rainfall patterns.
In temperate regions the nutritional potential from floral 
resources obviously imposes a constraint on colony growth, 
but photoperiod appears to directly regulate brood 
production. In experimental European colonies with adequate 
and constant nutrition, brood areas varied according to set 
artificial photoperiods; increasing daylengths caused
16
increases in brood area and decreasing light periods brought 
about decreases in brood areas (Kefuss 1978). Photoperiod 
alone explains the initiation of brood-rearing soon after 
the winter solstice (Avitabile 1978). Unfortunately, there 
are no comparative data on whether Africanized bees respond 
similarly to these photoperiodic cues.
Physiological Changes of Workers in Winter
Lack of brood-rearing during winter months brings about 
a series of correlated physiological changes. Maurizio 
(1968) described these changes with the term 'winter bees' 
and distinguished them from 'summer bees' by comparing size 
of hypopharyngeal glands and fat body development. More 
recent physiological studies have shown that winter workers 
also differ in vitellogenin and JH titres (Fluri et al.
1977), and in protein metabolism and haemolymph composition 
(Crailsheim 1985, 1986). These physiological changes 
presumably increase the longevity of winter workers and 
thereby promote survivorship of colonies during winter 
periods where brood production is interrupted (Maurizio 
1950). Experiments with caged bees clearly demonstrated 
that lack of brood-rearing combined with ample protein 
nutrition were sufficient to prolong the lifespan of workers 
at any time of the year (Maurizio 1950). The appearance of 
'winter' European bees is therefore caused by lack of brood 
rearing activities.
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Overwintering Experiments with Africanized Bees 
During the past two centuries, African bees have been 
introduced to the U.S. and Europe on a number of different 
occasions (Morse et al. 1973). In addition, Africanized bee 
sperm from Brazil was introduced to Louisiana in 1960 and 
1961, and through four generations of backcrossing, 
Africanized stock was maintained in the field for years 
(Taber 1961, 1977). Despite these opportunities for 
population expansion, such introductions did not noticeably 
modify the behavioral or genetic characteristics of the 
local European honey bee population. African germplasm has 
not been discovered in the U.S. or Europe in the few genetic 
studies performed recently using isozymes (Sheppard & 
Berlocher 1985, Sheppard & McPheron 1986, Sheppard 1988), 
and mtDNA and nuclear DNA restriction patterns (Smith et al. 
1989, Hall & Muralidharan 1989, Hall 1990). This absence of 
African influence contrasts markedly with the genetic 
takeover documented in Brazil in the 1960s, after the 1956 
introduction of bees from South Africa.
There are numerous explanations for the contrasting 
outcomes of these introductions. One of them, overwintering 
mortality of African bees, is a likely cause for the failure 
of the introductions to temperate regions, but has never 
been clearly documented.
Overwintering mortality was clearly seen in Africanized 
stock introduced from Brazil to Poland by Woyke (1973).
Colonies with Africanized queens and their worker offspring 
survived the early parts of winter, but had high mortalities 
after 3 months of winter. Hybrids showed improved 
overwintering capacity over the 'pure' Africanized types. 
Interestingly, colonies starting the winter with Africanized 
queens and European workers (progeny of other queens) 
survived so well that this system has been used to maintain 
African germplasm over several winters (J. Woyke, pers. 
comm.). Some Africanized colonies did survive the winter, 
indicating that climatic limits are not absolute.
Earlier experimental studies conducted in South America 
had not detected obvious differences in survival between 
Africanized and European colonies. Mortality of both large 
colonies and small nuclei were reported as similar during a 
3 month winter period at 32° S, and 1400 m above sea level 
in Cordoba, Argentina (Krell et al. 1985), or at 3 0° S and 
2700 m above sea level in San Juan (Dietz et al. 1986). 
Similarly, no major differences were found in survivorship 
of colonies in cold rooms in Argentina maintained for 78 
days in 1984 (Dietz et. al 1988) and for 90 days in 1985 
(Dietz et al. 1989). A 10-day study at 4250 m above sea 
level close to the equator in Colombia did not find 
appreciable differences between the two groups (Villa et al. 
1987). As has been stated before (Villa et. al 1987), the 
duration of these earlier experiments and the temperature 
extremes to which these colonies were exposed might have
19
been insufficient to allow detectable expression of 
ecologically significant behavioral and physiological 
differences.
A recent experiment by Southwick et al. (1990) showed 
much higher 'minimum maintained oxygen consumption' by 
groups of Africanized workers than by European workers 
maintained at 2°C, specially at sizes below 100 g (Table 
1.3). A larger group of 7020 Africanized workers with queen 
and brood maintained adequate core temperatures at ambient 
temperatures of -15°C, but had a metabolic rate higher than 
that reported for European bees at similar temperatures 
(Table 1.4). It is unclear how these results led the 
authors to predict the range for Africanized bees in the 
U.S., since their predictions are based upon lines with 
equal numbers of consecutive days of flightlessness (under 
10°C), and not upon considerations of energy balance.
The experiments described in this thesis represent a 
new set of studies on the overwintering potential of 
Africanized honey bees. Side-by-side comparisons were made 
using groups of Africanized and European bees, and in some 
experiments their hybrids, of sizes ranging from 40 g to 
normal field colonies in order to answer the following 
questions:
1) Are there differences in the aggregation and insulative 
behavior (clustering) and in their thermoregulatory 
abilities?
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2) Are there differences in the rates of store consumption 
resulting from different metabolic rates or from different 
'strategies' of utilization of stores?
3) Are there differences in worker longevity and in 
survivorship of colonies exposed to long periods of low 
temperature and confinement?
These type of comparisons were made under the following 
circumstances:
1) In artificially-formed groups and in colonies all under 
cold room conditions. (Chapter 2).
2) In colonies moved to a highland location (4100 m above 
sea level) in Venezuela during the rainy seasons of 1986 and 
1987 (Chapter 3).
3) In colonies derived from Africanized germplasm in Germany 
in 1988 (Chapter 4).
Chapter 2.
Thermoregulatory Behavior, store Consumption, 
and Survival of Africanized and European Bees 




Africanized and European honey bees have been 
categorized respectively as "tropically and temperately 
adapted" organisms based upon their native ranges and life 
history characteristics (e.g. Danka et al. 1987, Winston et 
al. 1984). Differences in the ranges of these two genotypes 
as feral bees after their human-assisted introduction to the 
Americas have also been explained as a consequence of these 
contrasting evolutionary strategies (Taylor 1977, Taylor & 
Spivak 1983, Taylor 1985, Winston et al. 1984). Temperate 
areas of North America have had feral European honey bees 
for several centuries (Kritsky 1991). Tropical areas of 
South America did not appear to have sizable European- 
derived populations yet were occupied at fast rates by 
African-derived honey bees since 1956 (Taylor 1977) . The 
adaptation paradigm has been further substantiated by the 
much slower movement of African-derived honey bees into 
subtropical areas of Brazil and Argentina and by the 
appearance of a •climatic barrier' beyond which only 
European bees are reported (Kerr et al. 1982) . Even though 
Dietz et al. (1985, 1989) have questioned whether the 
distribution pattern in Argentina truly represents a stable 
equilibrium and whether it is caused by different tolerances 
to winter conditions, recent surveys using mtDNA, isozymes 
and morphometries have shown the existence of three 
intergrading latitudinal bands: a largely African zone, a
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hybrid zone, and a largely European zone (Sheppard et al. 
1991).
The tendency to categorize the Africanized and European 
honey bee differential distribution in terms of adaptation 
to different environments has led to several hypotheses to 
explain possible differential survival under cold or winter 
conditions: 1) Africanized bees could be less precise at 
maintaining thermal homeostasis through imperfect heat 
generation and aggregation (Nufiez 1979); 2) smaller worker 
size and less precise aggregation might produce higher mass 
specific metabolic rates at cold temperatures and lead to 
the early depletion of already small winter stores (Taylor 
1977) ; or 3) "Tropical" life history traits such as shorter 
worker lifespan and continued brood production during winter 
months might lead to colony winter mortality (Taylor &
Spivak 1984).
Attempts to experimentally confirm these hypothetical 
causes of winter mortality have produced ambiguous results. 
The only available evidence on differences in 
thermoregulatory capacity comes from recordings of 
thermoregulatory difficulties in two African colonies at 
high ambient temperatures in Gabon (Darchen 1973) and from 
lack of clustering behavior in one small group of 
Africanized workers compared to a European group at 10°C 
(Nunez 1979). In contrast, side by side comparisons of 
Africanized and European colonies at high and low ambient
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temperatures failed to show differences in temperature 
regulation and demonstrated strong aggregation of both 
Africanized and European workers at low temperatures (Villa 
et al. 1987).
Experiments on weight loss of colonies at low 
temperatures in Argentina (Krell et al. 1985, Dietz et al. 
1988, 1989), and in Colombia and Venezuela (Villa et al. 
1987), have not indicated significant differences from 
European bees that could lead to earlier depletion of honey 
stores by Africanized bees. In contrast, direct 
measurements of metabolic rates on groups of different sizes 
showed different slopes in the VOz line (logarithmic 
regression line comparing oxygen consumption and biomass of 
groups of workers) for the two types of bees, suggesting 
that groups of Africanized bees smaller than 1000 g could 
have increasingly higher store consumption rates than 
European groups of similar sizes (Southwick et al. 1990).
Experiments testing differences in life history traits 
have once again been unclear in detecting mechanisms that 
might impair Africanized colony overwintering. Although 
Woyke (1973) reported fast Africanized colony attrition 
after 90 days in Poland, Krell et al. (1985) and Dietz et 
al. (1986, 1988, 1989) showed that mortalities of 
Africanized and European colonies in Argentina during winter 
months or in cold rooms were similar.
These new experiments were conducted in cold rooms to 
test the hypotheses of reduced thermoregulatory abilities, 
increased store consumption rates, and shorter worker 
lifespan of Africanized bees. The results of these 
experiments point to clear differences in some aspects of 
thermoregulatory ability that could impair winter survival 
of complete Africanized colonies in the field (and which are 
confirmed in field tests reported in chapters 3 and 4) .
Materials and Methods 
Experiments were conducted in a cold room in Acarigua, 
Venezuela during 1986 and 1987. Bees of three different 
genotypes were obtained as needed from research apiaries 
maintained in the area; hives in those apiaries had marked 
queens of known European origin (E) or feral Africanized 
origin (A), or European daughter queens that had mated with 
feral drones and therefore produced largely hybrid workers 
(E X A ) . Four different experimental arrangements were 
designed to compare different behavioral and physiological 
components of overwintering. In these experiments, 
different combinations of group size, and the presence or
absence of brood and comb were used.
Experiment 1 : Forty g of workers in hoarding cages
Combs with emerging brood from 64 colonies (31 A, 33 E)
were placed inside screen bags in incubators at 35°C, 90%
R.H. As the emergence of workers continued, 40 g of adult
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workers without a queen (weighed to the nearest individual 
bee) were removed at a time from each bag and shaken into 
hoarding cages with all wooden sides except for the glass 
front and screen bottom (Kulincevic & Rothenbuhler 1973). 
Filled cages were provided with sugar syrup and water, and 
were maintained at room temperature for up to 3 days until 
75 cages from the European colonies and 77 cages from the 
Africanized colonies had been filled. Copper-constantan 
thermocouples were placed in 54 of the cages through the 
roof of the cage between the food vials.
At the beginning of the experiment all cages were given
two vials with 50% sucrose, and the thermostat of the cold 
room was decreased to 15°C (±2.5°C). Whenever the 
thermostat closed the electrical circuit, the cooling unit 
inside the room produced an air current reaching each one of 
the cages, producing a cooling potential beyond that of 
still air at 15°C. For the first eleven days, dead bees at 
the bottom of each cage were counted and removed. At the
same time, the position of the clustered bees and the degree
of aggregation of bees in each cage were recorded. An 
observer blind to the identity of cages classified each cage 
into one of four position categories previously observed in 
preliminary trials (against back wall, on bottom of cage, 
symmetrical hanging from roof, or on roof and side wall), 
and into one of five cluster tightness categories (0 
indicating no grouping and highly mobile bees, to 5 as very
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tightly packed and immobile bees). Cluster positions 
against the back wall or on the bottom of the cage (and 
therefore separated from the feeders) were placed into a 
class (non-viable), and the daily frequencies in each of the 
resulting three classes (non-viable, roof, and side) for 
each genotype were analyzed by G-tests (Sokal & Rohlf 1981). 
Cluster tightness rankings were grouped into 3 classes 
(0,1,2; 3; and 4,5) to have sufficient numbers in each cell 
for analysis by genotype and by day with G-tests. Because 
groups clustered in positions away from the feeders in many 
cages, the thermocouples in the first 54 cages were moved to 
cages with clusters near the feeder on day 7, and only 
temperatures obtained from within the cluster were used to 
compare differences among genotypes with ANOVA.
After daily observations of clustering, the cold room 
was opened for two hours so that the change to ambient 
temperatures ( > 25°C) would allow workers to move, feed and 
relocate if necessary. Then the room was cooled again to 
around 15°C for the next 22 hours. Syrup vials were weighed 
and replaced according to need on days 2, 4, 6, 8 and 10.
The rate of sugar syrup consumption per g of live bees for 
each 2-day period was calculated using the information on 
syrup consumption, number of dead bees, and average initial 
bee weight for each cage. These values were compared by 
repeated measures ANOVA (Steel & Torrie 1980, SAS Institute 
1985).
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Experiment 2 : One kg of workers in screen cages
Workers (1.0 kg) without their queen were shaken from 5 
A, 5 E and 5 E X A colonies into a wooden box with screened 
sides (15 x 25 x 35 cm). They were given a weighed feeder 
can with 50% sucrose solution over a screened hole (diameter 
10 cm) at the top of the cage. The cages were then placed 
in the cold room and maintained for 5 days (24 h at a time) 
at 20, 10, 5, 20, and 0"C. At each temperature, the maximum 
cross-sectional parabolic dimensions of the hanging cluster 
(maximum length and height as observed from the screened 
side) were measured at 20:00 hrs and at 8:00 hrs of the 
following day. Maximum cross-sectional areas of the 
clusters, as well as ratios of length to height were 
compared by repeated measures ANOVA. At the same times, 
cluster core temperatures were recorded with copper- 
constantan thermocouples connected to a telethermometer.
The rate of syrup consumption was imprecise from 
leakage of syrup due to the rapid changes in temperatures in 
this first test. A second set of 10 A and 10 E 1.0 kg 
screened groups were maintained at 12.5°C for a period of 5 
days. Total consumption of sucrose syrup by the two 
genotypes in this second test was compared by ANOVA. 
Experiment 3 : Colonies without brood
Ten weighed combs with honey were placed into each of 
four empty screened hives. Copper constantan thermocouples 
were distributed in 7 cm grids arranged inside each of the
colonies as follows (see Fig. 2.1 and 2.2): 3 rows and 6 
columns in the space between combs 5 and 6 (center); 2 rows 
and 4 columns in the spaces between combs 2 and 3 (left), 
and between combs 8 and 9 (right). Workers (1.5 kg) with a 
free queen (2 A, 2 E) were added to each one of the four 
hives. Temperatures were scanned at 7:00 and 19:00 hours 
during 3 days while ambient temperature oscillated between 
10 and 15cC; temperatures were gradually decreased for 5 
days until they oscillated between -2 and +2°C; a series of 
measurements were then made at the same times for 3 days at 
these new temperatures. Isotherms for 15, 20, 25, and 30°C 
were drawn for each one of the sections between combs 
(center, left and right) by interpolating the location of 
these temperatures between adjacent thermocouples.
Experiment 4 : Colonies with brood
Five A and five E colonies were selected as matched 
pairs from research apiaries. Comb weight and brood area 
were measured in the field. Colonies were then screened, 
transported, reweighed, and taken into a cold room at 15°C. 
Adult worker biomass was estimated as the difference between 
total weight and comb / hive weight. Temperatures were 
decreased over a period of 10 days to 0"C, except for a 
period of 5 days where they rose to ambient due to failure 
of the cooling unit's compressor. Colonies remained in this 
cold room for 73 days.
At the end of the experiment, weights of comb and of 
dead adults were taken, and brood areas were remeasured.
The final brood area, total adult mortality, comb weight 
change, and rate of store consumption (kg stores/ mean kg 
adults/ week) were compared by ANOVA.
Results
There was a distinct genotypic difference in the daily 
categorical distribution of cluster position and cluster 
tightness of small groups of bees exposed to cooling by air 
currents at 15°C (Tables 2.1 and 2.2). These differences 
were fairly consistent through the days of the experiments 
as indicated by significant G values for most days. Cluster 
measurements were not significantly different in larger 1.0 
kg groups in screened cages (Table 2.3). In this case, the 
maximum cross-sectional area did not differ significantly 
among the three genotypes, and neither did the ratio of 
cluster length to height. These two attributes of 
clustering were strongly influenced by decreasing 
temperature in all genotypes. Although only two colonies of 
each type were used to measure temperatures in broodless 
hives with comb, the same biomass of A and E workers 
appeared to consistently occupy similar volumes at each 
temperature (12 and -2°C) and much smaller volumes at the 
lower temperature than at the higher temperature (see Fig
2.1 and 2.2). Measurements within each colony at each
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Table 2.1. Number of cages with workers clustered in 
different positions of the cage, arranged by day and 
genotype (Experiment 1).
DAY GENOTYPE POSITION G P
Non-viable Roof Side
2 A 33 7 37 43.51 <0.005
E 8 40 27
3 A 26 11 40 17.94 <0.005
E 7 26 42
4 A 20 14 43 8.37 <0.025
E 7 12 56
5 A 15 22 40 5.70 >0.100
E 5 25 45
6 A 18 28 31 10.12 <0.010
E 5 26 44
7 A 22 21 34 11.45 <0.005
E 6 24 45
8 A 20 22 35 10.95 <0.005
E 5 27 43
9 A 24 24 29 9.69 <0.010
E 14 42 19
10 A 20 17 40 2.49 >0.100
E 13 14 48
Total A 198 166 329 78. 01 <0.001
E 70 236 369
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Table 2.2. Number of cages with workers clustered at 
different tightness, arranged by day and genotype 
(Experiment 1).
DAY GENOTYPE TIGHTNESS G P
0 1 H 1 to 3 4-5
2 A 2 42 33 46.07 <0.001
E 30 37 8
3 A 5 43 29 51.15 <0.001
E 28 44 3
4 A 9 32 35 45.72 <0.001
E 22 51 2
5 A 6 36 35 44.31 <0.001
E 28 43 4
6 A 2 40 32 38.26 <0.001
E 18 52 5
7 A 5 25 41 57.98 <0.001
E 19 53 3
8 A 12 32 27 20.04 <0.001
E 21 48 6
9 A 19 34 17 79.07 <0.001
E 67 4 0
10 A 14 22 23 12.72 <0.001
E 22 37 8
Total A 74 306 272 307.48 <0.001
E 255 369 39
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Table 2.3. Cluster dimensions (area in sq cm / ratio of 
length to height of cross-sectional parabola at 20:00) of 














/ 2 . 092 304 / 1.26 213 / 1. 25 187 / 1.43 215 / 1. 643 373 / 1.40 234 / 1.38 215 / 1. 12 205 / 1.574 385 / 2.00 267 / 1.56 252 / 1.93 213 / 3.205 288 / 1.69 270 / 1.80 192 / 2.00 204 / 3 .78
Mean 332 / 1.56 238 / 1.63 209 / 1.71 201 / 2.46
E X A 
1 385 / 2.00 181 / 4.25 136 / 5.67 181 / 4.252 317 / 1.65 220 / 1.47 183 / 2.27 208 / 1. 863 288 / 1.69 217 / 3.38 192 / 2.00 144 / 3.344 322 / 0.91 241 / 1.85 201 / 1.57 208 / 1.855 191 / 1.69 153 / 2.30 147 / 2.20 140 / 2 . 10
Mean 301 / 1.59 202 / 2.65 172 / 2.74 176 / 2 . 68
A
1 299 / 1.75 224 / 2.33 198 / 2.45 156 / 2.882 320 / 1.88 320 / 2.13 224 / 1.71 217 / 1.923 165 / 3.88 249 / 3.09 133 / 3.13 140 / 4.284 264 / 2.75 290 / 1.93 183 / 2 .27 200 / 2. 08
5 200 / 0.75 230 / 1.53 169 / 2.09 205 / 2. 55
Mean 249 / 2 .20 262 / 2.20 181 / 2.33 183 / 2. 74
Source Cluster■ Area Length to Height
F P F P
Type 1.47 0.2677 0.90 0.4327
Temperature 41.72 0.0001 5.81 0.0024
Type * Temperature 3.64 0.0063 1.48 0.2143
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Table 2.4. Core temperatures (°C) of 1.0 kg artificial 





20 10 5 0
27.9 / 28.5 23.8 / 26.2 18.8 / 24 .7 2.1 / 23.62 24.0 / 28.6 20.2 / 21.5 18.2 / 19.2 10.4 / 17.93 26.4 / 28. 1 18.6 / 21.2 14.7 / 16.2 1.9 / 15.54 26.7 / 27.5 20.3 / 20.1 16.9 / 18.9 9.0 / 14 . 55 27.8 / 28.5 21.6 / 23.7 23.2 / 20.2 12.6 / 23.4
Mean 26.6 / 28.2 20.9 / 22.6 18.4 / 19.8 7.2 / 19.0
E X i 
1
\
27.2 / 27.9 24.7 / 28.0 22 . 0 / 23 .8 0.9 / 25. 3
2 27.3 / 28.7 23.7 / 25.9 21.8 / 23.5 11.2 / 25.13 26.4 / 26.1 26.2 / 24.3 21.4 / 21.5 15.2 / 21.44 30.5 / 28.5 23.0 / 24.8 17.5 / 20.3 11.6 / 14.15 31.0 / 29. 0 22.7 / 23 . 3 15.3 / 16.1 1.6 / 9.5
Mean 28.5 / 28.0 24.1 / 25.3 19. 6 / 21.0 8.1 / 19.1
A
1 26.9 / 28. 3 22.6 / 24.6 18.3 / 20.5 6.4 / 20.72 26.8 / 28.2 18.2 / 23.2 20.9 / 20.3 16.9 / 25.13 31.3 / 29.1 24.6 / 26.5 16. 6 / 24.7 8.7 / 23 .14 28.7 / 27.9 18.8 / 21.9 12.7 / 18.5 7.7 / 16.95 28.1 / 30.1 22.7 / 19. 6 22.8 / 21.0 8.8 / 17.9
Mean 28.4 / 28.7 21.4 / 23.2 18.3 / 21.0 9.7 / 20.7
Source Temp. 8:00 h Temp. 20:00 h
F P F P
Type 1.20 0.3346 0.29 0.7563
Temperature 91.27 0.0001 37.62 0.0001
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Fig. 2.1 — Temperature contours (above 30, 25—30, and 20- 
25) in two European colonies (E-1, E-2) and two Africanized 
colonies (A-1, A-2) estimated from measurements with copper- 
constantan thermocouples between frames 5-6 (Center), 2-3 
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Fig. 2.2 - Temperature contours (above 30, 25-30, 20-25 
and 15—20"C) in two European colonies (E-1, E-2) and two 
Africanized colonies (A-1, A-2) estimated from measurements 
with copper-constantan thermocouples between frames 5-6 
(center) , 2-3 (Left) and 8-9 (Right) at -2*C (Experiment 3) .
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temperature were very consistent, and are therefore only 
presented once in Figs. 2.1 and 2.2.
The differences in clustering seen in some of these 
experiments did not produce detectable differences in 
cluster core temperatures. Even though small groups of 
Africanized workers formed clusters that were either 
disconnected from the food source or were less symmetrical 
(and less 'perfect') than the European controls, there did 
not appear to be important differences in their core 
temperatures (F = 0.03, df = 1, 53; P = 0.8685). Since 
these temperatures were only measured for the duration of 
these experiments, it is unclear how long the Africanized 
groups would have been able to maintain thermal homeostasis 
without access to food or in clusters that were tighter than 
the European 'controls'. In larger groups of workers, where 
clustering differences were not detected, core temperatures 
of combless groups (Table 2.4) and isotherms in broodless 
colonies (Fig 2.1 and 2.2) appeared to be very similar.
The tighter cluster conformation and the separation 
from feeders produced lower sugar syrup removal 
in small groups of Africanized workers (Table 2.5, a). 
Although no differences in cluster conformation were evident 
in 1.0 kg groups of workers, the lower food consumption of 
Africanized workers persisted in these larger groups (Table 
2.5, c). When the amount of syrup consumed was rated to the 
weight of live bees in each cage, Africanized workers
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removed less syrup per weight of bees during the first three 
measurement periods, (Table 2.5, b); in the fourth two-day 
period, when groups were the smallest due to mortality, the 
Africanized workers had a higher ratio of syrup removal.
There was a steeper mortality curve (Fig. 2.3) for the 
40 g of Africanized workers in cages even though the bees 
were allowed to recover daily by opening the cold room to 
ambient temperatures. In complete colonies maintained for 
10 weeks in the cold room, however, total Africanized worker 
mortality was not different from that in European colonies 
(Table 2.6). Also, differences in total weight loss or rate 
of weight loss (rated to biomass) were not clearly 
detectable in the colonies placed in the cold room for 10 
weeks (Table 2.6). Since only the final amount of dead 
workers was measured, there could have been differences in 
the mortality curves, and also differences in the time of 
death of colonies, that were not detectable with our 
observations.
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Table 2.5. Sugar syrup removed (g) by groups of bees of 
two genotypes at cold temperatures, a) Syrup removed every 
two days by groups started with 40 g of bees and maintained 
at 15°C (Experiment 1) . b) Rate of syrup removal per weight 
of live bees for each two day period (Experiment 1). c)
Syrup removed in a period of 5 days by 1.0 kg groups of bees 
maintained around 12*C (Experiment 2).
Experiment Type F-value P>F
E
a)Period 1 46.5 ± 0.86
Period 2 36.5 ± 1.38
Period 3 21.7 ± 1.32
33.1 ± 1.29 Type 228 <0.0001
13.6 ± 0.62 Time 791 <0.0001
4.7 ± 0.26 Ty*Ti 50 <0.0001
Period 4 8.1 + 0.54 3.2 ± 0.32
b)Period 1 1.31 + 0.026 0.92 ± 0. 036 Type 20
Period 2 1.08 + 0.028 0.46 ± 0. 020 Time 23
Period 3 0.71 + 0.029 0.26 ± 0. 010 Ty*Ti 8
Period 4 0.32 + 0.017 0.55 + 0.258
c) 408 ± 67.4 87 + 19.3 21. 0
4 0
Table 2.6. Initial and final conditions of colonies 
maintained in cold room for 73 days at 0°C (Experiment 4) .
Condition Type F P>F
E A
Initial Worker 2.75 2.67 0.02 0.880
Population (kg) ± 0.356 ± 0.421
Initial Brood 360.6 317.6 0.49 0.503
Area (sq in) ±48.95 ±36.41
Recovered Dead 3.17 3.13 0.01 0.938
Workers (kg) ± 0.429 ± 0.391
Final Brood 2.0 18.6 2.51 0.152
Area (sq in) ± 1 .09 ±10.42
Ratio of Wt. Loss/ 5.858 
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Fig. 2.3 - Estimated biomass of surviving workers (mean 




This series of experiments provides evidence of 
differences between Africanized and European honey bees that 
could help explain some of the reported ecological 
distributions of the two genotypes. At the same time, they 
indicate that some of the earlier interpretations of winter 
mortality of Africanized colonies were not correct, and that 
some of the behavioral mechanisms associated with survival 
at cold temperatures are present in Africanized bees and 
could be improved both by hybridization with European bees 
and by natural selection.
The aggregation at low temperatures by small groups of 
Africanized workers was remarkably different from that 
observed in European groups. Africanized workers tended to 
cluster in tighter groups, and in positions where few or no 
workers had contact with the feeders. A similar phenomenon 
had been observed earlier at 25°C in groups of 100 workers 
(Villa et al. 1987). Differences in clustering were not 
detectable using the dimensions taken in the combless 1.0 kg 
groups. It could either be that these particular 
measurements were inappropriate to detect differences in 
total volume or in shape, or that in groups of these sizes 
the clustering differences of smaller groups disappear. The 
fact that the shapes of temperature isolines appeared to be 
similar in the 1.5 kg groups with comb at low temperatures
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suggest that differences in aggregation of small groups may 
not be evident in larger groups.
These differences in clustering behavior could have 
arisen through selection under very different temporal 
distributions of temperature. In the highlands of Africa 
and in subtropical South Africa, daily ranges in temperature 
are greater than seasonal ranges in mean temperature. A 
short-term strategy of tight clustering to decrease heat 
loss during cool periods in the night, or during short cold 
spells, using only crop-stored carbohydrates could be 
advantageous for African bees under such conditions. A 
longer-term strategy of much more symmetrical clustering, 
with improved food transmission across workers from stores 
in areas of the hive with comb could have been selected for 
in European bees exposed to longer winters.
It is yet unclear whether these reductionist 
observations on unnaturally small groups have any 
implications for the long-term survival of Africanized 
colonies. It could be that imperfect behavioral 
interactions among workers in larger colonies could lead to 
overwintering problems. There were also clear differences 
in food utilization in the combless groups of workers, 
whether small or large. The lower food consumption of all 
Africanized groups compared to European controls in similar 
situations suggest that the tighter conformation of workers 
might impair food exchange, even in the groups where
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clustering differences were not detectable with our 
measurements.
The significantly lower food utilization in these 
combless groups of Africanized bees contrasts remarkably 
with the higher 'minimum maintained oxygen consumption' 
measured by Southwick et al. (1990) in Africanized bees at 
2°C in groups ranging from 50 to 8000 individuals. Even 
though direct measurements of oxygen consumption can be more 
precise in detecting an instantaneous metabolic rate, 
measurements of store consumption can provide a much more 
realistic assesment of the energetic costs of 
thermoregulation over longer periods of time. Significantly 
different rankings in the rate of store consumption in 
Africanized, hybrid and European bees (chapters 3 and 4) 
under different experimental conditions indicate that 
differences among European and Africanized bees in this 
character will be specified by local environmental 
conditions each winter, and will not be a significant factor 
determining higher overwintering mortality of Africanized 
colonies.
Other factors in which Africanized and European bees 
differed significantly in these tests will likely be more 
important in determining overwintering mortality. The 
potentially tighter clustering of Africanized workers could 
be maladaptive if it persists through long periods of 
confinement. It could lead to impaired food transmission
and the separation of the cluster from honey stores. If 
this factor is compounded by shorter lifespans of workers 
which occurs during active months (Winston & Katz 1981), a 
significant proportion of highly African colonies could die 
in areas having longer winters.
The increased mortality of highly African colonies 
during winter will likely exert selective pressures to 
produce a more hybrid population. The improved 
overwintering capabilities of this hybrid population as well 
as other more 'temperate* life history characteristics will 
likely produce a broad hybrid zone in the United States, 
similar to one already found in Argentina (Sheppard et al. 
1991). The absolute limit of any African-derived characters 
in the honey bee population of the United States is 
difficult to predict at this point. Future more refined 
experiments addressing some of these differences will help 
in characterizing the attributes of the incoming Africanized 
population and will produce more precise models of its 
overwintering ranges.
Chapter 3.
"Overwintering" of Africanized, European, and Hybrid 




The natural range expansion of Africanized honey bees 
(Apis mellifera L.) has recently continued into Texas. 
Although their threat to the general public is minor, their 
potential to disrupt beekeeping (McDowell 1984) and 
pollination services (Danka et al. 1987) is major. The 
extent to which Africanized genes will affect the feral and 
managed honey-bee population of the United States will 
largely depend upon the overwintering ability of colonies 
showing varied levels of Africanization. Hence, clarifying 
their overwintering ability is useful for predicting their 
possible negative effects in the U.S.
Due to regulatory concerns, overwintering studies with 
Africanized bees have only been possible in a few temperate 
countries. Experiments in Poland (Woyke 1974) and in 
Germany (Villa et al. 1990) demonstrated high mortality for 
Africanized colonies exposed to winter conditions; 
Africanized x European hybrids showed improved overwintering 
capability. In contrast to the results from Europe, 
experiments in Argentina have led to predictions that 
Africanized honey bees could potentially overwinter in most 
of the United States (Dietz et al. 1986).
In addition to trials in temperate countries under 
winter conditions, high altitudes in tropical countries have 
provided sites to test the performance of Africanized 
colonies at low temperatures. Several studies have examined
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survivorship of Africanized bees along altitudinal transects 
(500 to 2800 m above sea level) in Colombia and Costa Rica 
(Villa 1987, Spivak 1989, Gentry 1991). Contrary to 
expectations, Africanized colonies outperformed European 
colonies at these elevations by effectively balancing 
resource collection with brood production. These earlier 
studies are not good predictors of colony survivorship 
through temperate winters: gradients along tropical 
mountains do not closely simulate latitudinal gradients due 
to the reduced yearly variation in temperature at any site 
close to the equator. Rather, each elevational band on 
tropical mountains presents a uniform thermal environment, 
which is approximately equivalent to a specific time of year 
in a temperate location, and does not resemble an annual 
seasonal cycle associated with a specific temperate 
latitude.
Above 4000 m in the tropics, low temperatures cause 
reduced plant density and productivity, generating a year- 
round condition analogous to temperate winter (Mani 1968). 
Homeothermic insects are absent at these highest elevations 
because they probably cannot attain positive energy budgets. 
Honey-bee colonies with homeothermic characteristics similar 
to those of birds and mammals (Southwick 1983), will 
experience a year-round negative energy budget under these 
conditions.
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A total of 120 colonies of Africanized, European and 
hybrid bees were exposed to these simulated winter 
conditions (4100 m above sea level). Initial amounts of 
adult bees, presence or absence of brood, and screening to 
prevent flight were experimentally varied. Environmental 
conditions also impacted flight activity, in one year 
temperatures seldom reached flight thresholds, in the second 
year maximum temperatures permitted flight of all colonies 
except those that were experimentally confined. The effects 
of these preplanned and unplanned conditions upon the 
performance ratings were evaluated. These evaluations 
provide useful indications on the winter survival of feral 
and managed honey bee colonies in the United States.
Materials and Methods
Two separate experiments were conducted in 1986 and 
1987 at Pico Aguila, Merida, Venezuela, 4100 m above sea 
level (8° 51' N, 70° 50' W). Colonies of each of three 
types of bees (Africanized, European, and European X 
Africanized) were selected from research apiaries in the 
lowlands (Acarigua, Portuguesa) at the begining of each 
rainy season (May); abbreviated as E, A, and E X A, 
respectively. E colonies were headed by mated commercial 
queens introduced from the U. S., A colonies by mated queens 
captured from feral lowland swarms, and E X A by European 
virgins mated in areas having high densities of feral
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Africanized bees. All colonies had worker populations that 
were the progeny of the resident queen and all queens were 
less than 1 year old.
Experiment 1 : Field colonies in 1986
Fifteen A and fifteen E colonies were formed using only 
adult bees in initial amounts of 0.5, 1.0, 1.25, 1.50, 1.75, 
2.00, 2.25 and 2.50 kg. Weighed groups of adult workers 
were shaken into screened cages for transportation to the 
mountains. These bees were then reintroduced at the 
highland site into preweighed Langstroth hives with 2-3 
empty combs produced on European-sized foundation and 7-8 
combs of the same dimensions provisioned with honey and 
pollen. Colonies were checked for cluster size and general 
condition on nine occassions between their installation on 
15 May and the final inspection on 27 October.
Precipitation during this period was above average. This 
generated daily fog, maintained temperatures during all 
observation periods below 7°C, and produced enough snow to 
cause the collapse of the roof in a nearby storage facility 
that had been unaffected for many years. At the end of the 
experiment, surviving colonies were returned to the lowlands 
for final measurements.
Experiment 2 : Field colonies in 1987
Thirty colonies of each group (A, E, and E X A) were 
divided among the following 4 treatments (see Table 3.1 for 
comparison with Experiment 1) :
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Colonies closed, 2.0 kg workers, no brood added, n=5;
b. Colonies open, 2.0 kg workers, no brood added, n=10;
c. Colonies open, 1.5 kg workers, initial brood added, n=10;
d. Colonies open, 1.5 kg workers, initial brood added, brood 
measured, n=5.
The broodless colonies in treatments a and b were 
prepared with 2.0 kg of adult bees and transported on 6 May. 
Colonies in treatment a differed from those in treatment b 
in that they were screened; workers could not fly and void 
feces, nor could they forage during the short periods when 
temperatures exceeded flight thresholds. All free-flying 
colonies (treatments b, c and d) were fitted with a simple 
mesh pollen trap to reduce the amount of incoming pollen.
The colonies having brood, treatments c and d, were 
formed by adding 1.5 kg of workers to 4-5 weighed and 
measured brood combs from the same colony introduced into 
preweighed hives with 5-6 combs of honey and pollen. They 
were transported to the highlands on 13 and 19 May, 
respectively. The colonies in treatment c differed from the 
colonies in treatment d in that measurements of brood area 
were taken in the d group every two weeks for the first ten 
weeks.
Using marked E and A queens and European daughter 
queens reared and mated in highly Africanized areas assures 
that colonies represented European, Africanized and European 
X Africanized populations. To verify these identities and
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assay the possible drifting of foragers across groups of the 
same type, workers were sampled on 8 June. Measurements of 
forewing length on 10 bees out of each colony (Rinderer et 
al. 1987), were followed by 25 computer-assisted 
morphometric measurements (Daly & Balling 1978, Daly et al. 
1982) on all A x E colonies and on several A and E colonies 
that had intermediate forewing lengths.
Observations of colony conditions were made every week 
for the first 4 weeks, biweekly until the 10th week, and, 
later in the experiment, at longer intervals until the end 
of the experiment on 24 March 1988.
The weather during the 1987 season differed greatly 
from that of the previous year. The rainy season was 
greatly delayed and cloud cover and fog were minimal, 
allowing day temperatures to rise well above flight 
thresholds (up to 15°C) .
Colony Survival and Colony Size
At each inspection, surviving colonies were opened 
rapidly and the maximum cluster diameter was estimated as 
the number of combs having clustered bees. Cluster 
diameters were compared by analysis of variance as repeated 
measures using type as a subplot, with a cluster diameter of 
0 assigned to dead colonies. Remaining bees were weighed 
when a colony's population dropped below 200 g of workers, 
when the colony died, or at the end of each experiment.
Total weights of the remaining population and weights of
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subsamples of 100 bees were used bo estimate the final 
number of workers in colonies.
Worker Mortality and Physiological State
Dead workers were recovered from the bottom of the 
closed and broodless colonies in Experiment 2, treatment a, 
during each inspection. The total numbers of dead workers 
at each interval were compared using analysis of variance of 
repeated measures. On week 5, a sample of live workers from 
these colonies was transported on ice and frozen within 6 
hours of removal. The frozen heads of each of 3 bees from 
each colony were oven-dried, weighed and analysed for 
nitrogen content using a Microkjeldahl procedure with 
spectrophotometric determination of Nessler's reagent.
Total nitrogen and percentage of nitrogen were compared 
between groups by ANOVA.
Brood Production
Brood areas were measured only in colonies of 
Experiment 2, treatment d, because of the possible adverse 
effects of exposing brood to cold weather. To minimize the 
effects of cold during brood measurements, the colony and 
brood were placed in a wooden box with infrared lights over 
the brood chamber. Due to high queen losses in the hybrid 
colonies (probably exacerbated by these manipulations) only 
the brood areas of the A and E groups were compared.
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Food Consumption
Weight loss was calculated for each colony. The 
weight, loss per kg of bees per week was calculated by 
dividing the total weight loss of the hive by the average 
weight of the worker population (average between initial and 
final bee weights), and again by the survival time of the 
colony. Rates of weight loss were compared by ANOVA.
Results
Colony Identities
Colony identities determined by morphometric 
measurements for Experiment 2 matched our initial identity 
assignments. Forewing measurements on samples of the 30 
European and 30 Africanized colonies unambiguously 
identified 28 and 21 colonies, respectively. The use of 25 
characters correctly identified all of the remaining A and E 
colonies. The 3 0 E X A colonies had an average discriminant 
score (D) of 1.245, intermediate between the average D for 
the European population (-1.306) and D for the Africanized 
population (3.839) given by Daly & Balling (1978), with 
individual colony scores ranging from -0.445 to 2.638.
Colony Survival and Colony Size
Survivorship of colonies of the different genetic 
origins during the first four months (the duration of a 
winter season) varied considerably between the two years 
(Exp. 1 vs. Exp. 2) and initial treatments (Table 3.1,
Fig. 3.1). High mortalities of Africanized colonies were
seen during Experiment 1 and in Experiment 2, treatment a,
where colonies began as broodless colonies and were
prevented from flying. In Experiment 1, 13 of 14 A colonies
had died by week 18, while 10 E colonies had survived to
that date. In Experiment 2, treatment a, all 5 A colonies
were dead on week 10, while all 5 E and 5 E X A had survived
to week 13 when they were depopulated for measurments of
final size. The differences between E and A colony survival
were less marked in the free-flying, initially broodright
colonies of treatments c and d, and nonexistent in the
initially broodless colonies of treatment b.
»
The death of colonies in the initial period was caused 
by a rapid decline of worker population. Estimates of 
colony population (maximum cluster diameter) throughout the 
course of the two experiments show curves that parallel 
colony mortalities (Fig. 3.2). In Experiment 1, Africanized 
colonies consistently had smaller clusters (F = 17.95, df 1, 
P = 0.0002). In Experiment 2, colonies in the broodright 
treatment c also had significant differences between types 
(E = E X A > A) (F = 6.14, df = 2, P = 0.0063), and also a 
significant effect of time (F = 124.86, df = 16, P <
0.0001). In the other free-flying colonies of Experiment 2, 
(treatments b and d) there were no differences between types 
in cluster diameter (F = 0.11, df = 2, P = 0.89; F = 2.60, 
df = 2, P = 0.11, respectively). Just as for total colony
Table 3.1. Tested genotypes, number of colonies (n) of each genotype, initial 
colony conditions, duration of the experiment, weight loss and average survival time 
























2-1987 E ExA A 30
a. Closed 5 2.00 0 34.07 13 1.90 _ i
b. Open 10 2.00 0 47.25 46 29.06 39.25
c. Open 10 1.50 302 33.09 45 16.50 21.47
d. Open 5 1.50 292 2 33.86 44 14.98 20.87
1 - 5 E and 5 ExA colonies surviving until week 13 were killed to evaluate conditions
2 - Brood was measured every two weeks for the first 10 weeks of the experiment to
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Table 3.2. Final worker population of the different 
genotypes in the experiments (means ± standard error), and 
analysis of variance on the effect of genotype. The final 
worker population was estimated from total weights of 
workers (based upon weights of subsamples of 100 bees). The 
final worker population represents either the dead workers 
found in a colony that had recently died, or the surviving 
workers at the end of the experiment. See Table 1 for 
differences in initial colony conditions and duration among 
the two experiments and treatments. Means within each 
treatment followed by different letters are significantly
different by Duncan1s multiple range test.
Experiment/ TYPE






















































Table 3.3. Rates of weight loss (kg wt loss/kg 
bees*week) of the different genotypes used in the 
experiments (means ± stantard error), and analysis of 
variance of the effect of genotype. See Table 1 for a 
description of the conditions of the colonies used for these 
calculations. Means within each treatment followed by 






riment 1 0.254a 0.406a
14,15) ±0.0479 ±0.0557
riment 2 0.653 0.575 0.520
(n=30) ±0.0570 ±0.0337 ±0.0408
Tmnt. a 0.207 0. 319 0.302
(n=5) ±0.0326 ±0.0401 ±0.0204
Tmnt. b 0. 619 0.571 0.463
(n=10) ±0.0374 ±0.0292 ±0.0662
Tmnt. c 0.865a 0.668ab 0.547b
(n=10) ±0.1113 ±0.0456 ±0.0499
Tmnt. d 0.744 0. 653 0.795

















EXPERIMENT 2 -  Treatments c + d
(1987 /  Open /  Brood)
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Fig. 3.1 - Number of colonies of each type in each treatment surviving during the 
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Fig. 3.2 - Average maximum cluster diameter in colonies of each type in each one 
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Fig. 3,3 - Cumulative average number of dead workers in the closed colonies of 




mortality and cluster size through time, differences between 
types in final bee numbers were only clearly evident in 
treatment a, when colonies were depopulated at week 13, and 
were not significantly different between genotypes in the 
free-flying treatments of Experiment 2 (Table 3.2).
Worker Mortality and Physiological State
Differences in colony mortality appeared to be linked 
with differences in worker longevity. In the only treatment 
where dead workers were recovered (Experiment 2, treatment 
a) at intervals during 8 weeks, there were great differences 
in the number of dead workers between types ( A> E X A >E,
F = 12.91, df = 2, P = 0.0010), an even mortality rate 
through the time intervals (F = 2.01, df = 5, P = 0.09), and 
no interaction between type and time (F = 1.65, df = 10, P = 
0.11), (Fig 3.3). The estimates of protein in heads were 
not significantly different among types (F = 0.36, df = 2, P 
= 0.68). Due to their significantly smaller heads, A bees 
had a higher percentage of nitrogen (F = 13.99, df = 2, P = 
0.0005).
Brood Production
In the A colonies, higher worker mortality did not 
appear to be compensated by increased brood production. In 
the treatment where sealed brood area was measured during 
the first ten weeks (Experiment 2, treatment d), there was 
no clear overall difference among types (F = 0.13, df = 1,
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P = 0.75). Brood area decreased significantly with time (F 
= 3.14, df = 4, P =0.027), and type and time interacted (F = 
3.12, df = 4, P = 0.028).
Food Consumption
The rates of weight loss ranked differently for the 
three stocks in the different treatments (Table 3.3), and 
exhibited some interaction between type and treatment. Most 
interestingly, in the treatments where colony survivorship 
diverged to the greatest degree, the Africanized colonies 
had a lower rate of weight loss. Under these conditions, 
the rapid death of workers seemed to produce a lower rate of 
store consumption than the one expected by the calculation 
of colony size as a mean between initial and final 
population. For the free-flying treatments of Experiment 2, 
rates of weight loss were only significantly higher in the A 
colonies than in the E colonies in treatment c.
Discussion
The results of these experiments are very similar to 
those from an experiment in Germany (Chapter 4), in which 
Africanized colonies exhibited higher mortality rates. The 
different treatments used in the Andean experiments suggest 
that nest confinement is a possible mechanism to explain the 
much higher winter mortality of Africanized colonies exposed 
to true or simulated winters. Conditions of nest 
confinement lasting 2 months or more appear to have serious
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effects on Africanized worker longevity, which leads to high 
colony mortality. Since the number of consecutive days with 
normal maximum temperatures below flight threshold increase 
with latitude (Southwick et al. 1990), it is reasonable to 
expect decreased winter survival of Africanized bees as they 
expand their range northward in the United States.
The possible physiological mechanisms that produce 
these differences in worker longevity are yet unclear. The 
shortened longevity of Africanized colonies was clearly not 
caused by ageing associated with depletion of protein stores 
in the head as has been reported for European bees (Maurizio 
1968). Other factors such as physiological problems due to 
high accumulation of feces in Africanized bees, or lack of 
increase of worker longevity during winter might be 
important factors for future research.
Higher worker mortalities in Africanized colonies were 
observed even in treatments where total colony mortalities 
during this initial period were not different. Africanized 
colonies that do survive these critical nest confinement 
periods of winter would be disadvantaged for two reasons. 
First, the sizes of colonies would be smaller in many cases, 
possibly leading to slow colony recovery in the spring. 
Second, the higher rates of store consumption would lead to 
a faster decline of honey stores in colonies that were 
fairly populous, and this could be critical in certain 
winters preceded by low accumulation of stores in the fall.
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As in the experiment conducted in Germany (Chapter 4), 
the types did not differ greatly in brood production. The 
responses of all types were similar in each experiment where 
brood production was measured. Interestingly, in Germany 
there was a decrease to no brood rearing, whereas in 
Venezuela brood-rearing continued in all colonies. The fact 
that brood rearing declined in Germany but did not change in 
Venezuela suggests that the influence of photoperiod upon 
brood rearing reported for European bees (Kefuss 1978) also 
occurs in Africanized colonies.
It is probably unrealistic to try to establish an 
absolute climatic limit to Africanization. The ranges of 
survival for highly Africanized bees would vary from year to 
year depending on the intensity and length of winter, and 
the duration of consecutive days with absolute maximum 
temperatures below flight threshold. More importantly, the 
larger differences between the extreme Africanized and 
European types disappear with hybridization, and selection 
could favor colonies with different degrees of Africanized 
genes in different areas.
The most likely future scenario for the feral honey 
bee population in the United States predicts a band of 
strong Africanization across the southern states, an 
Africanized-free band in the northern states, and a band 
with a high prevalence of hybrid bees in between. A recent 
survey of the feral population in Argentina using
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mitochondrial DNA and multivariate analysis of morphological 
characters supports this view (Sheppard et al. 1991). Feral 
population characteristics will exert different degrees of 
introgressive pressure on the honey bee population 
maintained by beekeepers. Although possible, it will be 
more difficult to continue beekeeping with European bees in 
the southern U.S. than in the northern U.S.
Chapter 4.
Overwintering of Africanized, European and 
Hybrid Honey Bees in Germany
(published in Environmental Entomology 20(1): 39-43)
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Overwintering of Africanized, European, and 
Hybrid Honey Bees in Germany
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ABSTRACT The survival of Africanized honey bees, Apis mellifera L., in temperate regions 
was evaluated in Germany during the 1988-1989 winter. Africanized, local European, and 
Africanized x European colonies were started by queen introductions on 5 August, and all 
surviving colonies were depopulated on 21 February. Five of nine Africanized colonies had 
died by the end of the experiment, whereas all eight European and all five Africanized x 
European colonies survived. Brood production of the three genotypes declined from 18 
August until 13 November with significant differences on two of the seven measurement 
dates. Brood areas were not different among surviving colonies that had resumed brood 
production by 21 February. Changes in total colony weights through time were not different. 
Significant differences were found in the rates of colony weight loss (kilograms total weight/ 
average kilograms of adult bee$»time) and in final adult population size. The higher attrition 
of worker populations and the higher mortality of Africanized colonies suggest a possible 
reduction of their adverse effect as their range expands northward to temperate areas in the 
United States. The intermediate values for all characters in the Africanized x European 
colonies suggest that genes underlying overwintering characters are additive. This additivity 
will permit different levels of hybridization for different ecological zones, thus complicating 
predictions about absolute climatic limits.
KEY WORDS Insecta, Apis mellifera, hybrids, overwintering
The GENUS Apis provides unique opportunities for 
studying adaptations by closely related taxa to dif­
ferent ecological conditions. Comparative studies 
are possible within the original range of species 
and subspecies as well as in areas where they have 
been introduced. The relocation for apicultural 
purposes has brought both tropical (African) and 
temperate (European) subspecies of Apis mellifera 
L. to the Americas. These introductions provided 
an opportunity to study whether the bees’ prior 
adaptations to tropical and temperate environ­
ments are suitable to new habitats with similar 
climatic conditions. These fortuitous circumstances 
permit testing of four possible treatment combi­
nations by matching two major groups of subspe­
cies with two broad sets of environmental condi­
tions.
The first combination, temperate subspecies in 
temperate environments, has resulted in the suc­
cessful establishment of European bees as feral 
populations in North America (e.g., Seeley 1978). 
The second combination, tropical subspecies in 
tropical environments, has produced a more dra­
matic colonization of tropical South America by 
African-descended honey bees (Taylor 1977). The 
third combination, temperate bees in tropical ar­
eas, has yielded sparsely distributed feral popula­
1 Instftut fQr Bienenkunde (Polytechnische Gescllschaft), Fach- 
bereich Biologic der J. W. Goethe-Univerjitat Frankfurt, K.-v.- 
Friich-W eg 2, D-6370 Oberursel, Federal Republic of Geirnany.
tions of European bees in tropical America, espe­
cially in lowland ecosystems (J.D.V., unpublished 
data). The fourth combination, tropical bees in 
temperate regions, has thus far been tested only in 
Argentina where Africanized bees arrived in the 
mid 1960s (Kerr et al. 1982). The distribution and 
density of feral Africanized honey bees in Argen­
tina has not been clearly defined (see Kerr et al. 
1982, Dietz et al. 1985).
No studies so far have clearly shown very obvious 
physiological limits to Africanized honey bee col­
ony overwintering in the New World (Dietz et al. 
1986,1988,1989; Krell et al. 1985; Villa et al. 1987). 
Results of these studies are limited by the fact that 
colonies were not exposed to the lower ranges of 
“winter" temperatures, or to the full complement 
of environmental factors associated with winter. 
Moving established colonies with stores to South 
American mountains or placing them in cold rooms 
failed to expose colonies to extreme winter tem­
peratures, short-day photoperiod regimes, and de­
privation from foraging for periods longer than 3 
mo associated with extreme winters. These tests 
also failed to encompass the necessary preparation 
of colonies for winter, where storage of honey and 
pollen, as well as reduction of brood rearing, are 
essential to survival.
Another large-scale fortuitous natural experi­
ment will soon begin to test potential climatic limits 
to Africanized honey bees, given that Africanized 

















10/31 11/14 11/28 12/12 12/26 1/9 1/23 2/6 2/20
DATE
Fig. 1. Average total weights of nine Africanized (+), eight Camiolan (x), and five A x C (*) colonies from 
31 October to 21 February. Minimum daily temperatures were averaged by week for the 1988-1989 winter (□), 
and for the previous ten winters from 1 December (means ± SE) (I). Once Africanized colonies died, they were 
not included in the subsequent calculations of average weights.
the Gulf Coast. The potential economic effect of 
the northward range expansion of Africanized bees 
prompted us to test their adaptation to winter in 
the hopes of providing some useful predictions for 
the United States and Canada. This was done by 
relocating Africanized germplasm from tropical 
America to Germany to submit Africanized colo­
nies to the full complement of fall and winter con­
ditions. Woyke (1973) conducted a similar exper­
iment in Poland and reported on the poor 
overwintering of colonies with Africanized germ­
plasm. We attempted to answer the following spe­
cific questions by comparing Africanized, Euro­
pean, and hybrid colonies: (1) Are there differences 
in the longevity of colonies during long winter 
periods? (2) Are there differences in fall and winter 
brood production between the groups? (3) Are there 
differences in the rate of consumption of honey 
stores between the groups?
Materials and Methods
Colonies were established on 5 August 1988 by 
introducing queens of three different origins to­
gether with 1.5-kg packages of local Camiolan 
workers into hives with three empty combs, six 
combs of honey, and one comb with pollen. Nine 
Africanized colonies (A) were headed by queens 
descended from queens of captured feral swarms 
in Venezuela. Five hybrid colonies were produced
by Africanized daughter queens which were in­
seminated with semen from German Camiolan 
drones (A x C). Eight Camiolan colonies (C) were 
headed by queens of local stock maintained at the 
Institute fur Bienenkunde, Oberursel, Federal Re­
public of Germany. All queens were marked and 
had one set of wings clipped.
All colonies were fitted with entrance queen ex­
cluders and moved to an isolated forest 12 km north 
of the Institut fur Bienenkunde. On 5 October, all 
colonies were moved to the garden of the institute 
and were fed 2 kg of 50% sucrose syrup. Brood 
areas of all colonies were measured every 2 wk 
from 18 August to 13 November. Total colony 
weights were taken every week, except when pre­
vented by weather, from 21 September until 20 
February. On this date, by decision of the admin­
istration of the University of Frankfurt, all surviv­
ing colonies were killed. All remaining workers 
were weighed, brood areas were measured, and 
voucher specimens were stored in the honey-bee 
collection of the institute.
All brood area measurements and all those 
weights taken from 31 October to 23 January were 
compared using analysis of variance (ANOVA) by 
repeated measures. Weights prior to 31 October 
were not included in the analysis because popu­
lations were not composed primarily of the off­
spring of the resident queen, and colonies were not 
undergoing typical winter conditions. Weights be-
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Fig. 2. Average brood areas (±SE) of nine African­
ized. eight Camiolan. and five A x C colonies between 
18 August and 13 November, and on 21 February. No 
measurements were taken between 13 November and 
21 February.
yond 23 January were not included in this analysis 
because of the death of some colonies after this 
date. The rate of weight loss (kilograms stores lost/ 
average bee weight*weeks) was calculated by di­
viding each colony’s weight change between 31 
October and the final date by the average popu­
lation weight and by the number of weeks of sur­
vival. The average population weight was calcu-
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Iated as the average of the initial worker weight 
(1.5 kg) and the weight of workers at the time of 
death or at the termination of the experiment (as­
suming a linear decline in adult population). Final 
brood areas of all surviving colonies, final worker 
populations at the time of death or destruction, 
changes in total colony weight, and rates of weight 
loss were compared among groups by ANOVA.
Results and Discussion
Five of the nine A colonies but no C or A x C 
colonies had died when the experiment was ter­
minated. Two colonies died during the week end­
ing on 19 January, two were observed dead on 24 
January, and one died within the week before 15 
February. More than 5 kg of honey remained in 
each of the colonies that died. The experiment was 
initiated with population sizes and honey stores 
that, according to our experience, would cause 
mortality, even in the C colonies. This did not occur 
because of a warmer than normal winter (see Fig. 
1 for a comparison of the average minimum tem­
peratures for the winter of 1988-1989 with the 
previous 10 winters). During the last 10 winters, 
winter mortality in the 200 colonies of Camiolan 
bees maintained by the Institut fur Bienenkunde 
has averaged 10%, whereas winter mortality during 
the winter of 1988-1989 was only 1%. The death 
of five of nine Africanized colonies, whereas all 
other colonies survived until the date of the ter­
mination of the experiment, indicates that there 
may be genotypic differences in overwintering 
ability.
Brood production was similar in the three groups 
(Fig. 2). Brood measurements between 18 August 
and 13 November showed no significant differences 
among types (F = 0.67; df =  2; P =  0.5231), a 
highly significant effect of time on brood produc­
tion (F = 57.15; df = 6; P  <  0.0001), and a sig­
nificant interaction of type with time (F = 2.82; 
df = 12; P =  0.0021). The interaction between type 
and time is due to the lower brood areas in the A 
x C group on the first date and increases in the 
27 October counts in both the A and A x C groups. 
Brood areas of the colonies surviving until the end 
of the experiment did not differ significantly (Table 
1). The observations during this experiment do not 
clarify whether the brood production of A colonies 
was reduced by such proximal effects as reduced 
pollen stores or by more ultimate signals such as 
photoperiod changes. The influence of these factors 
should be an important component of future ex­
periments.
Final worker population at the time of death or 
at the end of the experiment differed among the 
groups (Table 1). It would appear as if the reduc­
tion of brood rearing during the autumn in A col­
onies did not increase the longevity of their workers 
to the same degree as has been reported for the 
"winter workers” of temperate European bees 
(Maurizio 1968). Long periods of decreased or in­
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T ab le  1. Mean* ±  itandard errors and analysis o f  variance o n  the e ffec t o f  type on  total w eight lo ss , rate o f  weight 
lo ss , adnlt w orker population at the tim e o f  death o r  depopulation  o f  c o lo n ie s , and brood area  o f  a ll co lo n ies surviving  
until February 2 0
Variable
Type of colony p p
A (n “ 9) A x C (n -  5) C(n - 8)
Brood area, 21 Feb., cm*®
Final worker pop., kg 
W eight loss, kg
Rate of weight loss, kg/(kg»week)
148,5a ±  99.75 
0.395a ±  0.0718 
5.42a ±  0.242 
0.394a ±  0.0247
186.6a ±  89.22 
0.596a ±  0.0963 
5.08a ±  0.325 
0.284b ±  0.0331
301.5a ±  70.35 
0.883b ±  0.0762 
4.92a ±  0.257 









Means followed by the same letter a re  not significantly different a t P  — 0.05 (Duncan's m ultiple range test).
* Only the  four surviving A colonies were included in this analysis so as not to confound brood area with tim e of year.
terrupted brood production in A colonies could 
interfere with their ability to overwinter.
Total colony weights between 31 October and 
23 January varied with time (F =  719.61; df = 8; 
P  <  0.0001) but not by type (F ■= 1.66; df = 2; P 
=  0.2159); also, there was no interaction between 
type and time {F =» 1.53; df =  16; P = 0.0974) (Fig. 
1). Weight loss between 31 October and the final 
date was not different among the groups (Table 1). 
A faster consumption of stores by Africanized col­
onies has been proposed as a possible cause for 
overwintering mortality of Africanized colonies due 
to a presumed higher metabolic rate (Taylor & 
Spivak 1984). This experiment did not indicate 
major differences in metabolic rates between the 
types. Southwick et al. (1990) found that the met­
abolic rates of Africanized and European groups 
at low temperatures are similar in group sizes nor­
mally found in colonies, but become very different 
as group sizes decrease below 500 g.
When store consumption is weighted to average 
population and to survival time (both of which are 
different among types), rates of store consumption 
become significantly different (Table 1). In those 
years when low accumulation of stores in the fall 
are followed by long winters, as groups become 
smaller their slightly higher store consumption rates 
could be critical to survival of A colonies. However, 
during average weather conditions, reduction of 
brood rearing without a sufficient increase in adult 
longevity might play a larger role in determining 
colony mortality of Africanized bees during winter 
periods.
It is impossible to predict precisely the final fate 
of the colonies if the experiment had continued 
into the spring. The worker populations of the A 
colonies at the time of death or depopulation were 
less than half those in the C or A x C colonies. 
Surviving A colonies were thus approaching a crit­
ical point in winter survival with worker popula­
tions that normally cause mortality of C colonies 
(N.K., unpublished data). Similar differences in fi­
nal bee population among types have been ob­
served in experiments in the high Andes of Ven­
ezuela (Villa 1986). In the tropics, however, very 
small Africanized swarms can quickly develop into 
large colonies once nectar and pollen resources are 
available, and it is uncertain whether the smaller 
Africanized colonies in Germany could have sur­
vived during the normally resource-poor period of 
March and April.
From the results obtained in this experiment, we 
conclude that some of the adaptations of African­
ized honey bees to tropical environments make 
them less capable of coping with the winters of 
temperate regions. Viable resource utilization pat­
terns evolved for the tropics, such as high rates of 
brood production (Pesante 1985), and low adult 
longevities (Winston & Katz 1981) are inadequate 
to carry colonies over long periods without re­
sources. Colonies might have enough energy stored 
in the fall and might be capable of maintaining 
temperatures within the cluster, but workers might 
not survive long enough to carry the colony through 
long winters.
It is important to note that the A x C colonies 
had intermediate values for all the characters that 
were measured. This is an indication that physio­
logical and behavioral characters associated with 
overwintering are genetically additive, which would 
allow for a wide range of combinations of over­
wintering capabilities to develop through natural 
selection. The lack of association between these 
additive overwintering characters, and other char­
acters known to be derived from additive genes 
(honey production, defense), further broadens the 
possibility of genotypic variance upon which nat­
ural selection could operate. Numerous honey bee 
stock problems could arise with the introduction 
of Africanized genes into the southern United States 
honey-bee population. Without adequate mating 
control, queen breeders in the southern tier of states 
could inadvertently ship unacceptable genetic stock 
to the north: bees with European production abil­
ities and Africanized overwintering problems would 
be as undesirable as the more widely publicized 
bees with Africanized defensiveness and European 
overwintering ability.
The ability of Africanized bees to cope with win­
ters is variable. The most likely future scenario for 
the United States is that the feral density (and 
therefore the effect) of Africanized bees will vary 
from areas in the south where the prevailing pop­
ulation has Africanized genes to an extreme in the 
north where the bulk of the population is Euro­
pean. A similar trend (in this case from north to 
south) has been found recently in Argentina 
(W. S. Sheppard, USDA-ARS Bee Research La bora-
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tory, Beltsville, Md., personal communication). The 
final setting of these relative frequencies in North 
America will depend not only on the average ab­
solute differences in overwintering mortality but 
also on the genetic variability of the colonizing 
Africanized population, on the level of introgres- 
sion of additive genes with the European popula­
tion, on the yearly variability in the intensity and 
duration of winters, and on the strength of human 
response to the undesirable characters of African­
ized bees.
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CONCLUSIONS
The experiments described in this dissertation help to 
clarify an area of honey-bee biology in which ecological 
inference had been in contradiction with experimental work. 
Earlier ecological inference had attempted to predict the 
possible occupation of temperate regions by African-derived 
honey bees by using current ranges and trying to match 
climatic data to potential overwintering limits in 
unoccupied areas. This approach had predicted the 
occupation of only a small part of the United States by 
Africanized honey bees. In contradiction, experiments in 
cold rooms, at middle elevations in the tropics, and in 
Argentina had not shown clear evidence for overwintering 
mortality of Africanized honey bees, and had led some 
authors to predict the potential overwintering range of 
Africanized honey bees to include most of the continental 
United States.
This new set of experiments tested more rigorously 
hypotheses that had been presented to explain the higher 
winter mortality of Africanized bees. These hypotheses were 
tested by exposing both small groups of workers and large 
colonies to more extreme temperatures and for longer periods 
than had been done previously. It is now clearer which 
components of overwintering behavior and physiology are
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different between European and Africanized colonies, and 
which ones are similar or of no ecological consequence. The 
components of overwintering in which Africanized and 
European bees might differ are the following:
1) Temperature Regulation: Two experiments performed in 
cold rooms showed that Africanized honey bees respond to 
cold temperatures by aggregating and maintaining 
temperatures above ambient in a similar way to European 
bees. Differences in the way artificially-formed small 
groups of workers cluster suggest very different strategies 
for dealing with cold temperatures: a short-term strategy in 
Africanized workers and a long-term strategy in European 
colonies.
2) Metabolic Rates: The consumption of stores by honey­
bee groups of different sizes and of the two genotypes did 
not show clear patterns that could produce overwintering 
mortality due to the exhaustion of stores. Four tests 
showed significantly higher rates of store consumption by 
European bees (Experiments 1 and 2 in Chapter 2, Experiment 
1 and treatment a of Experiment 2 in Chapter 3), while two 
tests showed significantly higher rates for Africanized 
colonies (treatment c of Experiment 2 in Chapter 3 , and the 
single experiment of Chapter 4). Four tests indicated no 
significant differences in the rates of store consumption 
(Experiment 4 of Chapter 2, treatments a, b, and d of 
Experiment 2 in Chapter 3). It thus appears as if a faster
76
rate of honey store depletion is not a valid explanation for 
winter mortality of Africanized colonies.
3) Brood Rearing: There were also no clear differences
between the brood-rearing patterns of Africanized and 
European colonies, whether they were maintained in cold 
rooms, at high elevations, or in a true winter in Germany. 
Africanized colonies appeared to regulate brood production 
using both availability of resources and photoperiodic cues.
4) Physiological Changes in Workers: The most striking 
difference between the two types of bees was in the 
mortality of workers in small groups over a period of days 
(Experiment 1 of Chapter 2), and in confined field colonies 
over a period of weeks (treatment a, Experiment 2 of Chapter
3). This higher mortality of workers also produced 
significantly smaller colony sizes at the time that other 
experiments were terminated (Experiment 2 of Chapter 2, and 
the experiment in Chapter 3). The two tests that showed no 
significant differences in final population between the 
types (Experiment 4 of Chapter 2, and Experiment 1 of 
Chapter 3) were designed to evaluate total survival time of 
colonies rather than to evaluate final condition at a given 
time. The physiological bases for these differences in 
worker longevity are yet unclear, since the amount of 
protein in Africanized worker heads was not lower than in 
European bees as would have been expected from aging 
(treatment a of Experiment 2 in Chapter 2).
Only one of the postulated hypotheses to explain 
overwintering mortality in Africanized colonies has been 
clearly substantiated by these experiments. It appears as 
if thermoregulatory difficulties, or depletion of honey 
stores because of higher metabolic rates or because of 
uninterrupted brood rearing are not the causes of 
overwintering mortality. The shorter lifespan pf workers, 
the physiological effects of winter confinement, and their 
effects on colony adult population are probably the 
principal causes of Africanized colony mortality. The 
intermediate values for hybrid colonies (whether the 
maternal side was Africanized or European) in tests where 
overall significant differences were encountered, suggests 
that most overwintering characters are polygenic. It is 
therefore likely that a graded cline of decreasing 
Africanization will be formed as Africanized bees move 
further north in the United States.
These experiments have also generated questions that 
could be clarified with future experiments:
1) Can the clustering differences of small groups of 
workers affect food transmission and worker interactions in 
larger groups leading to reduced cold tolerance and 
survival?
2) How do Africanized and European colonies differ in the 
use of food resources and photoperiod to regulate their 
brood production?
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3) What is the physiological basis for the reduced 
longevity of Africanized workers exposed to winter 
conditions and confinement?
4) What genetic mechanisms govern worker longevity, and the 
appearance of 'winter bees'?
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APPENDIX A
Conversion Factors for the Calculation of 
Metabolic Rates in Different Units
There are many references to energy use by honey bees 
in the literature, spanning about 9 decades. The units 
range from measures of honey consumption during winter to 
precise measurements of mass-specific oxygen consumption 
with gas analyzers. For comparative purposes, all measures 
can be converted to a standard unit using some simple 
equations:
1 joule = 1 watt*sec = 0.239006 calories
1 ml Oz = 5.09 calories (Southwick & Mugaas 1971)
1 mg sugar = 3.7 calories (Heinrich 1972)
These equations permit the calculation of several energy use 
equivalencies for adult honey bee workers (assuming an 
average adult bee weight to be 110 mg) :
1 watt / kg = 1 joule / kg sec = 860.421 cal / kg hr
1 mg sugar/"bee" hr = 3.7 cal/l,bee,,hr = 32.1739 cal/g hr
1 m 02/"bee" hr = 5.09 cal/"beenhr = 44.260869 cal/g hr
These equations can be used to calculate the following 
factors for the interconversion of units:
ORIGINAL TARGET : Multiply by factor to
UNIT UNIT obtain product in unit
watt/kg mg sugar/ ml 02/
bee hr bee hr
ml Oz/
g hr












ANOVA Tables for all Tests in Text
Pg. 33 (Table 2.3) - Repeated measures ANOVA on the effects 
of type at different temperatures upon cluster area.
SOURCE df SS MS F P>F
Type 2 11752.3 5876.2 1.47 0.27
Col(Type) 12 47842.1 3986.8
Temperature 3 115622.6 38540.9 41.72 <0.0001
Type x Temp. 6 20169.6 3361.6 3.64 0.0063
Error 36 33253.1 923.7
Pg. 33 (Table 2.3) - Repeated measures ANOVA on the 
of type at different temperatures upon the ratio of 
to height of cluster.
effects
length
SOURCE df SS MS F P>F
Type 2 4.091 2.045 0.90 0.43
Col(Type) 12 27.307 2.275
Temperature 3 5.410 1.803 5.81 0.0024
Type x Temp. 6 2.747 0.457 1.48 0.21
Error 36 11.170 0.310
Pg. 34 (Table 2.4) - Repeated measures ANOVA 
of type at different temperatures upon core 
8:00 h.
t on the effects 
temperature at
SOURCE df SS MS F P>F
Type 2 33.534 16.767 1.20 0.33
Col(Type) 12 167.540 13.962
Temperature 3 3011.023 1003.674 91.27 <0.0001
Type x Temp. 6 28.636 4.773 0.43 0.82
Error 36 395.876 10.997
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Pg. 34 (Table 2.4) - Repeated measures ANOVA on the effects
of type at different temperatures upon core temperature at
20:00 h.









































Pg. 39 (Table 2.5, 
effects of type on
a) - Repeated measures ANOVA on 
syrup removal during 4 periods.
the


























Pg. 39 (Table 2.5, 
effects of type on 
live bees during 4
b) - Repeated measures ANOVA on the 
the rate of syrup removal per weight of 
periods.






























C) - ANOVA on 
.0 kg packages
the effect of type on sugar
SOURCE df SS MS F P>F
Type 1 516811.3 516811.3 21.08 0.0002
Error 18 441212.5 24511.8
Pg. 40 (Table 2.6) - ANOVA on the effect of type upon 
initial worker population of colonies in cold room.
SOURCE df SS MS F P>F
Type 1 0.018490 0.018490 0.02 0.88
Error 8 6.094200 0.761775
Pg. 40 (Table 2.6) - ANOVA on the effect of type upon
initial brood area of colonies in cold room.
SOURCE df SS MS F P>F
Type 1 4579.6000 4579.600 0.49 0. 50
Error 8 74768.9796 9346.122
Pg. 40 (Table 2.6) - ANOVA on the effect of type upon
recovered dead workers in colonies in cold room.
SOURCE df SS MS F P>F
Type 1 0.005290 0.005290 0.01 0.93
Error 8 6.591760 0.823970
Pg. 40 (Table 2.6) - ANOVA on the effect of type upon final
brood area of colonies in cold room.





688.9000 688.9000 0.49 0.50
2195.6972 274.4622 2.51 0.15
Pg. 40 (Table 2.6) - ANOVA on the effect of type upon ratio
of weight loss to average worker population in colonies in
cold room.
SOURCE df SS MS F P>F
Type 1 2.309613 2.309613 0.55 0.48
Error 8 33.594366 4.199296
Pg. 55 — Repeated measures ANOVA on 
time on cluster size in colonies in
the effect of 
Experiment 1.
type and
SOURCE df SS MS F P>F
Type 1 361.7242 361.7242 17.9 0.0002
Col(Type) 27 544.0560 20.1502
Time 7 612.8504 87.5501 105.2 0.0001
Type x Time 7 21.7729 3.1104 3.7 0.0008
Error 189 157.3607 0.8326
Pg. 55 - Repeated measures ANOVA on the effect of type and 
time on cluster size in Experiment 2, treatment b.
SOURCE df SS MS F P>F
Type 2 5.9598 2.9799 0.11 0.89
Col(Type) 27 708.1559 26.2280
Time 16 2415.0873 150.9429 48.4 0.0001
Type x Time 32 148.5069 4.6408 1.49 0.0453
Error 432 1348.4941 3.1215
Pg. 55 - Repeated 
time on cluster in
measures ANOVA on the effect of 
Experiment 2, treatment c.
type and
SOURCE df SS MS F P>F
Type 2 217.3451 108.6725 6.14 0.0063
Col(Type) 27 477.7574 17.6947
Time 16 3541.7990 221.3624 124.9 0.0001
Type x Time 32 920.9216 3.7787 2.13 0.0004
Error 432 765.8676 1.7728
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Pg. 55 - Repeated measures ANOVA on the effect of type and
time on cluster size in Experiment 2, treatment d.















1196.4961 74.7810 88.32 




Pg. 57 (Table 
bee numbers in
3.2) - ANOVA on the effect of type on 
i Experiment 1.
final





7317110.0 737110.0 0.19 
106054920.6 3927960.0
0.67
Pg. 57 (Table 
bee numbers in
3.2) - ANOVA on the effect of type on 
all treatments of Experiment 2.
final
SOURCE df SS MS F P>F
Type
Treatment 






702546333 351273167 4.23 
1201602000 400534000 4.83 









3.3) - ANOVA on the effect of type on 
Experiment 1.
rate of














- ANOVA on the effect of type on 
treatments of Experiment 2.
rate of
SOURCE df SS MS F P>F
Type
Treatment 






0.0935081 0.0467541 1.37 
2.1364883 0.7121628 20.84 






Pg. 62 - Repeated measures ANOVA on the effects of type and
time on the number of dead workers recovered from colonies
in Experiment 2, treatment a.
SOURCE df SS MS F P>F
Type 2 18500817.1 9250408.5 12.91 0.0010
Col (Type) 12 8599932.1 716661.0
Time 5 2065664.6 413132.9 2.01 0.09
Type x Time 10 3429062.6 342906.3 1. 67 0.11
Error 60 12342785.1 205713.1
Pg. 62 - ANOVA on the effects of type on protein content of 
worker heads in Experiment 2, treatment a.
SOURCE df SS MS F P>F
Type 2 22.798582 11.399291 0.36 0. 68
Col (Type) 12 446.893653 37.241138 1.78 0.10
Bee (Col Type) 29 605.867434 20.891911
Pg. 62 - ANOVA on the effects of type on percentage protein 
of worker heads in Experiment 2, treatment a.
SOURCE df SS MS F P>F
Type 2 0.8775412 0.4387706 13.99 0.0005
Col (Type) 12 0.3761849 0.0313487 1.29 0.28
Bee (Col Type) 29 0.7040580 0.0242779
Pg. 62, 63 - Repeated measures ANOVA on the effects of type 
through time upon brood area of A and E colonies in 
treatment d, Experiment 2.
SOURCE df SS MS F P>F
Type 1 343 .220 343.220 0. 13 0. 75
Col (Type) 8 20702.400 2587.800
Time 4 11918.320 2979.580 3.14 0.027
Type x Time 4 11818.480 2954.620 3.12 0.028
Error 32 30344.000 948.250
Pg. 71 - Reapeated measures ANOVA on the effects of type andtime on brood areas in Germany.

























Pg. 72 (Table 
brood area. 1) "
ANOVA on the effects of type upon final















(Table 1) - 
population.
ANOVA on the effects of type upon final















(Table 1) - ANOVA on the effects of type upon weight

















ANOVA on the effects of type upon rate of







0.051120 9.34 0 
0.005475
.0015
Pg. 72 - Repeated measures ANOVA on the effects of type and
time upon total colony weight.
SOURCE df SS MS F P>F
Type 2 55.39385 27.69692 1. 66 0.22
col (Type) 19 316.35329 16.65017
Time 8 468.46760 58.55844 719.6 0.0001
Type x Time 16 1.98579 0.12411 1.53 0.09
Error 152 12.36902 0.08137
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